We report the inscription of low-loss fiber Bragg gratings using focused femtosecond (fs) pulses and a continuous core-scanning technique. This direct-write technique produces high-fidelity Type I-IR gratings that share the inherent advantages of other direct-write methods, such as the point-by-point (PbP) method, for which the grating period is a free parameter. However, here we demonstrate an order of magnitude improvement in scattering loss compared to PbP gratings, to a level comparable with that of phase-mask-based fs inscription. A first-order grating was inscribed in standard telecommunications fiber with −49 dB transmission at the Bragg wavelength and 0.1 dB broadband scattering loss. Potential application of these gratings to large-mode-area fibers and chirped grating fabrication are highlighted. Fiber Bragg gratings (FBGs) have become ubiquitous in optical telecommunications and optical fiber sensing, and are employed extensively in fiber lasers to achieve narrow-linewidth and a robust, monolithic cavity. The inscription of FBGs with femtosecond (fs) laser pulses is particularly interesting for fiber lasers as it enables direct inscription into the rare-earth-doped laser fiber [1,2], removing the need for splices in the cavity, as well as facilitating modulation architectures [3] . Two techniques have emerged for the inscription of FBGs with fs laser pulses: the phase-mask-scanning technique [4, 5] and the direct-write technique [6, 7] . The phase-mask-scanning technique is similar to conventional UV laser-based FBG inscription and offers strong Type I-IR gratings with negligible broadband loss [8, 9] , but typically requires a different phase-mask for each FBG design (including Bragg wavelength). These phasemasks are also costly and time-consuming to produce. Some flexibility over the Bragg period is achievable by controlled deformation of the wavefront incident on the phase-mask [10]; nevertheless the dependence on a phase-mask to define the period remains a limitation of the phase-mask scanning technique.
Fiber Bragg gratings (FBGs) have become ubiquitous in optical telecommunications and optical fiber sensing, and are employed extensively in fiber lasers to achieve narrow-linewidth and a robust, monolithic cavity. The inscription of FBGs with femtosecond (fs) laser pulses is particularly interesting for fiber lasers as it enables direct inscription into the rare-earth-doped laser fiber [1, 2] , removing the need for splices in the cavity, as well as facilitating modulation architectures [3] .
Two techniques have emerged for the inscription of FBGs with fs laser pulses: the phase-mask-scanning technique [4, 5] and the direct-write technique [6, 7] . The phase-mask-scanning technique is similar to conventional UV laser-based FBG inscription and offers strong Type I-IR gratings with negligible broadband loss [8, 9] , but typically requires a different phase-mask for each FBG design (including Bragg wavelength). These phasemasks are also costly and time-consuming to produce. Some flexibility over the Bragg period is achievable by controlled deformation of the wavefront incident on the phase-mask [10] ; nevertheless the dependence on a phase-mask to define the period remains a limitation of the phase-mask scanning technique.
Direct-write techniques do not require a phase-mask; thus the grating period is a free parameter. The most common of these is the point-by-point (PbP) technique, for which complete control over grating period, phase, and amplitude is possible and has been demonstrated [7, 11] . However the PbP technique, which produces Type II-IR microvoid modifications in the fiber core [12] , is known to introduce scattering losses that are more significant than that of phase-mask-inscribed gratings [13, 14] . This broadband loss does not cause significant penalty for simple high-power fiber laser cavities [2] , but can be problematic for core-pumped and short-length cavities that are highly sensitive to intracavity losses. Furthermore, the microvoid modifications created during PbP inscription have vanishingly small overlap with the core of large-mode-area (LMA) fibers commonly used for very high power lasers, making inscription of strong gratings in such fibers very challenging [15] .
Another direct-write, line-by-line technique has been reported by Zhou et al. [16] , in which lines of fs laserinduced modification were inscribed across the core of standard fiber in a noncontinuous (step-and-repeat) fashion. They reported a 4.4 mm-long grating with a fourthorder resonance at ∼1600 nm (Bragg period Λ 2.2 μm) that had −17 dB transmission at the Bragg wavelength (λ B ) and 0.5 dB broadband transmission loss. Those values correspond to a coupling strength coefficient κ 6 cm −1 and a scattering loss coefficient α 0.13 cm −1 , yielding the ratio κ∕α 46, which does not improve on what has been demonstrated with PbP gratings (up to κ∕α 70) [13] . The line-by-line technique has also been used recently to demonstrate highly birefringent gratings; however strong gratings with low loss was not targeted or reported in that work [17] .
In this Letter, we present a continuous core-scanning technique for inscribing FBGs using fs laser pulses. This new direct-write technique benefits from the inherent flexibility of direct-write inscription, yet offers strong Type I-IR gratings with drastically reduced scattering losses comparable to those of phase-mask-inscribed FBGs. Gratings with first, second, and third-order resonances around 1540 nm are presented, including a firstorder grating with −49 dB transmission at λ B and 0.1 dB broadband scattering loss, corresponding to κ∕α > 780, more than an order of magnitude improvement on other direct-written FBGs. This technique also produces larger area modifications more compatible with LMA fibers.
The FBG inscription setup is identical to our PbP setup described in detail elsewhere [7] . The fiber (Corning SMF-28e) was threaded through a glass ferrule mounted on a piezo-controlled translation stage. Femtosecond laser pulses (800 nm, 120 fs, 1 kHz repetition rate) were focused through the side of the ferrule and into the fiber core using an oil-immersion objective. The fiber was drawn through the ferrule at constant velocity via a separate air-bearing stage. In contrast to PbP inscription, the piezo stage was driven by a sine wave, resulting in a sinusoidal inscription across the core as illustrated in Fig. 1(a) . The amplitude of the sine wave is significantly greater than the core diameter, such that the inscribed lines across the core are approximately parallel. The Bragg period Λ of the grating is therefore given by the half-period of the sine-wave track in the fiber: Λ 2v∕f , where v is the velocity of the air-bearing stage that draws the fiber through the ferrule and f is the frequency of the sine wave applied to the piezo stage.
In order to inscribe low-loss Type I-IR modifications, a bright visible light source was coupled into the fiber and the fiber core was irradiated with fs laser pulses at decreasing pulse energies until scattering of visible light was no longer observed from the core on our vision system. Gratings were inscribed over a range of pulse energies around this threshold, and at various Bragg resonance orders (with λ B in the range 1520-1570 nm). The grating coefficients κ and α were calculated for each grating and compared to our previously reported results for PbP gratings [13] in order to determine the improvement in scattering losses achieved with this continuous core-scanning technique. Figure 2 shows κ and κ∕α for a series of core-scanned FBGs inscribed at different pulse energies. Each was inscribed with a first-order resonance and was 2 cm long, except for the grating inscribed at 100 nJ, which was 4 cm long. The sine-wave frequency f was chosen such that 68 pulses are incident on the fiber per period of the sine wave (approximately 50% pulse overlap). Each of the gratings exhibits a significant κ, with the 117 nJ grating producing a −49 dB transmission minimum at λ B for only a 2 cm-long grating (see Fig. 3 ). The κ∕α for every grating in this range significantly improves on reported values for PbP gratings [13] , with the grating inscribed at 112 nJ achieving κ∕α > 800. Figure 3 also compares the transmission spectrum of a 2 cm-long core-scanned FBG inscribed with 117 nJ pulses with that of a PbP grating with similar grating strength κL. The inset highlights the reduced scattering losses achieved with the core-scanning technique. The 0.1 dB scattering losses in the core-scanned FBG correspond to a transmission of 98%, whereas the transmission of the PbP grating is <86%. Using the formula derived in [13] , the net reflectivity of the core-scanned grating is 99.7%, whereas that of the PbP grating is 97.5% (approximating the broadband scattering loss at 0.65 dB). The low scattering loss achieved with strong core-scanned FBGs is comparable to that of fs phase-mask-inscribed gratings: for example a grating with −30 dB Bragg transmission and 0.05 dB loss was reported in [9] , corresponding to κ∕α 720. Figure 4 shows κ and κ∕α for core-scanned FBGs inscribed at different orders using 117 nJ pulses (Λ ≈ 0.53, 1.06, and 1.59 μm, for first, second, and third-order, respectively). Higher-order gratings were achieved by increasing the feed-rate v of the fiber through the ferrule, such that the number of pulses per sine-wave period is maintained. The first-order grating significantly outperforms the higher-order gratings; however the reduced performance at higher orders may largely be due to the increased tilt in the grating planes due to the increased sine-wave period with respect to the amplitude. We also observed stronger cladding mode resonances (relative to the Bragg peak) for the higher-order gratings, which is attributable to tilted grating planes. Stronger gratings at higher-order resonances may be achieved by reducing tilt in the grating planes, for example, by increasing the sine wave amplitude proportional to the grating order or by using a suitably modified waveform to drive the piezo stage (something between a sine wave and a square wave). We also note that for the gratings in Figs. 2 and 4 , despite the large change in κ, α remains relatively constant, with 0.2 ≤ α ≤ 0.5 cm −1 . The combination of low scattering loss and direct control over the grating period (and consequently also the grating phase) offered by this continuous core-scanning inscription technique is very promising for the realization of chirped FBGs in rare-earth-doped laser fibers, using essentially the same technique as for chirped PbP gratings [7] . Low scattering loss is critical for chirped FBGs due to the fact that the grating provides resonant reflection over a narrow band around the local Bragg wavelength (which varies as a function of position along the grating), whereas the scattering loss is broadband, and thus the entire grating contributes to scattering loss at all wavelengths. In addition to chirped gratings, the large-area modifications produced with this continuous core-scanning technique open up the possibility for strong, direct-write inscription of gratings in LMA fibers, which are not well suited to PbP inscription [15] .
In conclusion, we have demonstrated a new directwrite technique for inscribing FBGs with fs laser pulses, producing strong Type I-IR, first-order gratings with low scattering loss. This continuous core-scanning technique shows potential for chirped FBGs and inscription into LMA fibers and is anticipated to generate significant interest for these and other grating applications. 
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